The mechanical performance of ultrane-grained materials is strongly inuenced by the lattice defect structure, i.e. the vacancy concentration, the type, arrangement and density of dislocations, the planar fault probability, as well as the amount and character of grain boundaries. In this paper, the correlation between the processing conditions, the lattice defect structure and the plastic behavior of ultrane-grained materials is overviewed. For the processing route of severe plastic deformation, the inuence of applied strain, hydrostatic pressure, as well as melting point, stacking fault energy and alloying on grain size, dislocation density and strength is studied. For nanopowder sintering techniques, the eect of atmosphere, temperature and time of consolidation on lattice defects and mechanical properties is discussed in detail.
Introduction
In the last decades ultrane-grained (UFG) materials have become a focal point of materials science due to their unique physical, chemical and mechanical properties that destine these materials to novel and promising applications. The type and densities of lattice defects have a signicant eect on the mechanical performance of UFG materials [1] . For instance, the strength caused by dislocations (σ disl ) can be described by the well-known Taylor formula [2] :
where G is the shear modulus, ρ is the dislocation density, M T is the Taylor factor, b is the magnitude of the Burgers vector and α is a constant. The value of b depends on the type of dislocations, e.g. on the population of the a , c and c + a dislocation slip systems in hexagonal materials. Parameter α is inuenced by the arrangement of dislocations, as its value is dierent for uniform dislocation distribution and for dense dislocation arrangements, such as low-angle grain boundaries or dipolar walls [3] . Another crystal defects, such as vacancies have also an eect on the plastic behavior of UFG materials, since the diusion coecient is proportional to the vacancy concentration. Therefore, the deformation mechanisms controlled by vacancy migration (e.g. the dislocation climb) can be accelerated by increase of the vacancy concentration. For instance, in UFG materials processed by severe plastic deformation (SPD) at room temperature (RT) the vacancy concentration reached the equilibrium value characteristic at the melting point (10 Two-dimensional lattice defects, such as grain boundaries, have also a signicant eect on the mechanical performance of UFG materials. The strengthening eect of grain boundaries is usually taken into account by the well-known HallPetch formula [9, 10] :
where σ GB is the yield strength increment caused by the grain boundaries, d is the grain size and k y is a constant depending on the material. It is noted that this formula usually loses its validity for grain sizes smaller than several tens of nanometers due to the domination of deformation mechanisms occurring at grain boundaries (e.g. grain boundary sliding). The lower limit of the grain size regime, where the HallPetch equation is valid, increases with decrease of the strain rate of deformation [11] . Anyway, Eq. (2) reects that a higher amount of grain boundaries (boundary area per unit volume) corresponding to a smaller grain size results in a larger yield strength. It should be noted that besides the amount of grain boundaries their character also inuences the mechanical performance of UFG materials. Namely, the fraction of special coincidence site lattice (CSL) boundaries strongly aect the ductility and the fatigue behavior of metallic materials. The high fraction of CSL boundaries with low Σ values usually yields a higher elongation to failure during tension and a larger number of cycles to failure in fatigue experiments [12] . This special grain boundary structure can be achieved by thermomechanical treatments referred to as grain boundary engineering (GBE).
Former studies [1315] have shown that the processing conditions of UFG materials inuence their lattice defect structure (e.g. concentration of vacancies, density (479) and character of dislocations, type and amount of grain boundaries), therefore the properties of UFG materials can be tailored by an appropriate selection of the production methodology. For instance, in the case of UFG copper processed by 8 passes of equal-channel angular pressing (ECAP) at RT the grain size is 200300 nm and the main lattice defects inside the grains are vacancies and dislocations [14] . However, in the case of UFG-Cu produced by pulsed electrodeposition the main defects are grown-in twin boundaries inside the grains with the size of 400500 nm [13] . This dierence has a strong eect on the mechanical behavior. The yield strength of the electrodeposited UFG-Cu was 900 MPa which is more than twice larger than that for the ECAPprocessed Cu (400 MPa). The higher strength in the former case is caused by the small twin boundary spacing (about 20 nm) as twin boundaries are also eective obstacles against dislocation glide. The higher yield strength in UFG materials is usually accompanied by a reduced ductility [16] . However, in electrodeposited Cu the twin boundaries do not reduce the strain hardening capability of the material, therefore the elongation to failure is the same (14%) as for the ECAP-processed sample [13, 14] .
It should be noted here that not only the grain boundary structure but in general the whole lattice defect structure can be tailored by an appropriate selection of the processing conditions of UFG materials. Therefore, the extension of grain boundary engineering to crystal defect engineering is suggested.
In this paper, the correlation between the processing conditions, the lattice defect structure and the mechanical performance in UFG materials is overviewed.
The processing methods of UFG materials can be classi- 
Experimental
In this review, the lattice defect structure in UFG materials is characterized mainly by X-ray diraction line prole analysis, therefore a brief summary of this technique is presented here. The X-ray line proles were measured by a high-resolution rotating anode diractometer 
Results and discussion
3.1. Evolution of the defect structure and the mechanical performance in UFG metals as a function of strain applied in SPD-processing One of the most frequently used SPD method is ECAP that enables the elaboration of bulk UFG or nanomaterials with dimensions of several centimetres in all directions that is favourable in practical applications [20] .
One pass of ECAP corresponds to an equivalent strain value of about 1. The dislocation density increases while the crystallite size decreases with increase of the number of ECAP passes, and their values saturate at the equivalent strain between 2 and 4, depending on the material and the processing temperature [2128] . The saturation of the dislocation density is a consequence of the dynamic equilibrium between the multiplication and the annihilation of dislocations. The grain size determined by transmission electron microscopy (TEM) has similar evolution as for the crystallite size, however the grain size is usually 26 times larger than the crystallite size in SPD-processed UFG materials [1] . This phenomenon can be explained by the fact that coherently scattering domains (crystallites) correspond rather to subgrains in severely deformed microstructures. The reduction in subgrain and grain sizes with increasing imposed strain is attributed to the increase in dislocation density as grain renement during SPD usually starts by the arrangement of dislocations into low energy congurations such as lowangle grain boundaries. This evolution of the dislocation structure is also indicated by the decrease of the dislocation arrangement parameter determined by X-ray line prole analysis [1] . It is noted that during SPD at high homologous temperatures dynamic recrystallization may also play an important role in grain renement. When the number of ECAP passes reaches a value of 1015, the dislocation density decreases and the crystallite size increases [1] . For instance, in the case of Cu this change is about 30%, which can be attributed to a structural relaxation in grain/subgrain boundaries by the annihilation of extrinsic dislocations (these dislocations are not needed to accommodate the geometrical misorientation between grains/subgrains) [21] . This recovery is accompanied by a decrease in the grain boundary thickness corresponding to an evolution from non-equilibrium boundaries to a more equilibrated structure.
In accordance with the increase of the dislocation density and the reduction of the grain size, the yield strength of metallic materials processed by SPD increases with increasing imposed strain and saturates at the strain value of about 24 [1] . At the same time, the elongation to failure reduces due to the loss of work hardening capability with increase of the defect (dislocations and grain boundaries) density [16] . (1)) gives the majority of the value determined by mechanical tests [1] . This observation can be explained by the fact that a large fraction of grain boundaries consists of dislocations in SPDprocessed metallic materials, therefore their hardening eect is also taken into account in the Taylor formula.
In order to achieve very high strength during SPD, it should be claried what the main factors are that inuence the saturation dislocation density. In the next three sections the eect of the SPD-processing conditions and the properties of materials on the defect structure and strength is discussed.
Eect of solute atoms and precipitates on defect structure and strength in SPD-processed alloys
Alloying increases the maximum dislocation density and the minimum grain size achieved by SPD due to the pinning eect of solute atoms on lattice defects, thereby hindering their annihilation [23, 1] . As an example, Fig. 1 shows the saturation values of the dislocation density and the grain size obtained after 8 passes of ECAP at room temperature as a function of Mg concentration in Al(Mg) solid solutions. In pure Al the saturation grain size is 1200 nm while 3 wt.% Mg alloying leads to a reduction of the grain size to 300 nm. It is noted that although the minimum grain size in Al3% Mg alloy is only 4 times smaller than that in pure Al, the maximum dislocation density is approximately 13 times higher. Accordingly, 
Inuence of melting point and stacking fault energy on defect structure
As formerly mentioned, the saturation dislocation density is a result of the dynamic equilibrium between the multiplication and the annihilation of dislocations during SPD-processing. The annihilation of dislocations is thermally activated, therefore the maximum dislocation density and the minimum crystallite (or grain) size are expected to be higher and lower, respectively, for SPDprocessing carried out at lower homologous temperatures.
Therefore, when SPD is performed at room temperature, the saturation dislocation density and crystallite size should be larger and smaller, respectively, for materials with higher melting point. This is roughly valid for pure fcc metals processed by 8 passes of ECAP at room temperature, as shown in Fig. 2 . The data are taken It should be noted that in some metallic materials the low SFE can be reached by alloying (see e.g. CuZn or CuAl alloys). In this case, the eects of alloying and low SFE on defect structure formed during SPD cannot be separated, and the very small grain size in these alloys is often explained by the low SFE [29, 30] . The results obtained in pure Ag suggests that in low SFE alloys the small grain size can be achieved due to the retarding eect of alloying elements on recrystallization. It is also noted that the inuence of melting point and SFE on maximum dislocation density and minimum grain size is similar for other SPD-processed crystal structures (e.g. body centered cubic or hexagonal close packed) [31, 32] . Fig. 3 . The twin boundary probability as a function of SFE for dierent UFG fcc metals and solid solutions processed by SPD (ECAP or HPT) at room temperature. The grain size values are indicated at the datum points.
It has been shown that the splitting distance between partials depends not only on the shear modulus and the SFE but also on the grain size in fcc metals [33] .
The smaller the grain size, the higher the splitting distance between the partial dislocations in nanocrystalline fcc materials, as this reduces the energy of the dissociated dislocations emitted from the grain boundary. Therefore, stacking faults are easily formed in nanograins and two stacking faults on neighboring lattice planes yield a twin lamella. The growth of this lamella can occur due to stresses, therefore twinning becomes a dominant deformation mechanism with decrease of grain size in fcc metals [33] . As a consequence, the reduction of both SFE and grain size result in a higher twin boundary probability, as shown in Fig. 3 . In this gure the twin boundary probability is plotted as a function of SFE for fcc metals and solid solutions processed by SPD. The data are taken from Ref. [1] . The grain size values are also given at the datum points. For a given SFE value, the higher twin boundary probability is related to a smaller grain size, as indicated the arrows in Fig. 3 . It is noted that the reduction in grain size in hexagonal materials yields an opposite tendency, as the high stresses at the grain boundaries facilitate the activation of pyramidal dislocations instead of twinning.
Eect of hydrostatic pressure applied during SPD on lattice defects and strength
High pressure torsion (HPT) is an SPD-processing technique that applies very high pressure (210 GPa) during plastic deformation [34] . The comparison of the microstructures developed during HPT and ECAP can reveal the inuence of hydrostatic pressure on defect structure in SPD-processed UFG materials. During ECAP-processing (without the application of back pressure) the hydrostatic pressure is smaller at least by one order of magnitude than in the case of HPT. Therefore, it is expected that the high pressure in HPT leads to a slower diusion due to the increase of the vacancy migration enthalpy which can be given as 3.5. Inuence of initial powder particle size, time, temperature and atmosphere of sintering on defect structure and mechanical performance of UFG metals processed by powder metallurgy Besides SPD techniques, consolidation of nanopowders is another route to produce UFG materials. In the following, the inuence of the initial powder particle size, the time and temperature of sintering and the atmosphere used in powder processing on the microstructure and plastic properties will be illustrated on Ni. One sample was produced from a nanopowder with the average particle size of about 100 nm by hot-isostatic pressing (HIP) [38] . Before HIP, the glass containing the powder was broken in a glove-box and subsequently encap- Finally, in order to study the eect of the initial powder particle size on the microstructure, a fourth sample was consolidated from a Ni powder with the average particle size of 50 nm by SPS under the same conditions as for the previous specimen.
It was found that in the case of the initial powder particle size of 100 nm, sintering caused a graingrowth to about 400 and 300 nm for HIP and SPS, respectively. The lower time and temperature in SPSprocessing reduced the grain-growth during consolidation. The smaller the powder particle size, the smaller the grain size in the sintered material, as for the initial powder particle size of 50 nm, the grain size in the consolidated sample was only 250 nm.
X-ray diraction and energy-ltered TEM investigations revealed that there is a native crystalline NiO layer on the surface of Ni powder particles [38] . In the sintered materials this phase appears in the form of dispersoids in the Ni matrix. When the powder is processed in Ar atmosphere the NiO content does not change during sintering as a result of the careful isolation of the sample from air.
On the other hand, if the powder processing was carried out in air, the NiO content in the consolidated samples is signicantly higher than in the initial powder. For smaller initial powder particle size, the fraction of NiO phase is higher due to the larger specic surface area. It should also be noted that for the samples processed in air, the high oxide content yields an early softening due to cracking (see in Fig. 5 ). The oxide phase at grain boundaries weakens the bonding between Ni grains, resulting in an easier cracking during deformation [38] .
3.6. Eect of carbon nanotube addition on lattice defect structure and mechanical performance of UFG metallic materials Carbon nanotubes (CNTs) are often used as ller materials in composites due to their unique properties (e.g. high elastic modulus, low density, large aspect ratio) [40] . Metal matrixCNT composites are usually processed by powder metallurgy including the blending of CNTs with the powder of the metal matrix by highenergy milling and then the consolidation of the powder blend [41, 42] . The latter step can be carried out by HPT, as in this case an UFG microstructure is achieved in the matrix, yielding a further enhancement of the yield strength. In the following, the eect of the addition of CNTs on the defect structure and the hardness of metal matrices will be illustrated on a CuCNT composite processed from µm sized Cu particles and 3 vol.% multi-walled CNTs (MWNTs) by high-energy milling and subsequent two-step consolidation procedure including cold isostatic pressing and HPT at room temperature.
The number of turns and the pressure in HPT-processing were 10 and 2.5 GPa, respectively [42] . An additional sample from the pure Cu powder was also consolidated under the same conditions. Fig. 6 . Comparison of the grain and crystallite sizes, the dislocation density, the twin boundary probability and the hardness of pure Cu and Cu-CNT composite consolidated by HPT at room temperature. Cottrel locks and grain boundaries), as CNTs hinder the escape of dislocations from these pile-ups. If the local stresses at these obstacles exceed the critical stress for twin nucleation, deformation twins are formed. Figure 6 also shows that the hardness increases by a factor of ≈1.4
due to the additon of CNTs. The hardness enhancement is in quantitative agreement with the increase of the strengthening contribution of dislocations [42] , therefore
CNTs have rather an indirect hardening eect, via increase of the crystal defect density. The direct strengthening eect of CNTs is marginal as they are encircled by dislocation loops formed during consolidation by HPT, therefore the moving dislocations inside Cu grains interact with these loops instead of CNTs.
Conclusions
In this paper illustrative examples for the correlation between processing conditions, defect structure and mechanical performance of UFG materials were presented.
The following conclusions have be drawn from the results: 
